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Abstract 
Induced seismicity is inherently associated with underground fluid injections, including during geologic carbon 
sequestration. If fluids are injected in proximity to a pre-existing fault or fracture system, the resulting elevated 
pressures can trigger dynamic earthquake slip, which could both damage surface structures and create new migration 
pathways.  
The goal of this research is to develop a fundamentally better approach to geological site characterization and 
early hazard detection. We combine innovative techniques for analyzing microseismic data with a physics-based 
inversion model to forecast microseismic cloud evolution. The key challenge is that faults at risk of slipping are 
often too small to detect during the site characterization phase. Our objective is to devise fast-running methodologies 
that will allow field operators to respond quickly to changing subsurface conditions. 
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1. Introduction 
A natural response to fluid injection is the creation of microseismicity. Often thousands of microquakes are 
associated with an injection well. These microquakes are not of concern, as they are far too small to be felt at the 
surface. However, they effectively illuminate the subsurface, allowing us to monitor plume growth and identify 
previously hidden faults. Precise seismic measurements on these microquakes is key.  
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Unlike natural seismicity, fluid-induced seismicity is strongly time- and space-dependent, driven by injection rate 
and pressure.  To correctly address the induced seismic hazard, it is therefore necessary to introduce a strong 
hydromechanical underpinning. Current state-of-the-art methods for dealing with induced seismicity have several 
key deficiencies which motivate the proposed work.  In particular, current efforts almost exclusively use ad hoc or 
empirical approaches that are based on weak hydromechanical foundations.  Also, these methods typically rely a few 
simple measurements such as event location and magnitude, and ignore source mechanism information hidden in the 
data. 
Our approach is centered around several geophysical techniques. Each of these exploits different information 
embedded in the seismic data, as well as our understanding of the hydromechanical behavior of reservoir systems. 
Several of these algorithms have been previously developed and applied for global scale seismic monitoring, but 
have had limited microseismic application. 
This project is organized around pre-existing data sets from field operations. The results shown here focus on data 
from the Newberry geothermal experiment. Field data provides an opportunity for extensive validation exercises, 
and allows us to test our techniques in noisy and data-limited environments. We also generate synthetic case studies 
using high performance computing resources to gain a complete understanding of the underlying physics. 
2. Geophysical techniques 
The purpose of the geophysical analysis is to monitor the microseismicity associated with fluid injection. We 
want a sharp image of the subsurface in order to identify any faults or zones of weakness. We also want to identify 
changes in that image as injection proceeds. Since the shape of the microseismic cloud is driven by the evolution of 
the pressure front, tracking the pressure front involves locating the microquakes precisely and increasing the 
completeness of the catalog by detecting very small events.  
2.1. Ambient noise correlation (ANC) 
A form of seismic interferometry, ambient noise correlation (ANC) is based on the observation that the Earth's 
background noise includes coherent energy, which can be recovered by observing over long time periods and 
allowing the incoherent energy to cancel out [1,2]. The cross correlation of ambient noise between a pair of stations 
results in a waveform that is identical to the seismogram that would result if an impulsive source located at one of 
the stations was recorded at the other [3,4,5,6].  
A major advantage of the noise-correlation technique is that it strips away dependence on earthquakes or artificial 
sources for a solution. Problems of source location and velocity heterogeneities outside the region of interest are no 
longer present, as only the structure between the station pair contributes to the signal. In particular, it allows high 
resolution imagery beneath dense seismic networks even in areas of low seismicity. ANC does require long, 
preferably continuous data records as the Green's function emerges from the incoherent noise. 
Here we illustrate the precision with which ANC can image the very shallow seismic structure surrounding an 
injection site. We collected continuous data from the Newberry EGS experiment for the month of October 2012, for 
the 22 stations in the Newberry network, together with 12 additional stations from the nearby CC, UO and UW 
networks. The data were processed according to the methodology laid out in [7]. There are 231 unique paths 
connecting the 22 stations of the Newberry network. The additional networks extended that to 402 unique paths 
crossing beneath the Newberry site. 
Because we are particularly interested in the very shallow seismic structure, we need high quality correlation 
waveforms at frequencies from 0.5-15 Hz. These particular data are very good and the Green's functions (GF) 
emerge quickly. We treated each GF as a seismic record and inverted for the best fitting 1D model along each path. 
The objective was to maximize the fit between the GF and synthetic seismograms, including the scattering energy in 
the coda. Short paths and high frequencies are most sensitive to the shallowest structures. Deeper structures are 
resolved using longer paths. 
We inverted simultaneously for Vp, and Vs and Qs, although Qs is poorly resolved. We broke the data into 3 
groups. GFs for paths shorter than 5 km were filtered between 0.6 to 15 Hz and focused on matching details to 1 km. 
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For paths between 5 - 10 km we filtered GFs between 0.5-8 Hz and data for the longest paths were filtered between 
0.1 - 2 Hz. These longest paths, typically including at least one station outside the Newberry network, extended our 
coverage laterally and to depths below 5km.  
To test the accuracy of our result, we calculated synthetic seismograms for local earthquakes through both the 
original reference 1D and final 3D models using the reflectivity method and the LLNL SW4 code, respectively (Fig. 
1). The 3D model is precise enough that we can identify the source of the scattered energy seen in the data. This 
information is typically discarded because it isn't captured by simpler models. We can use subtle changes in the 
waveform to locate the seismicity more precisely and to identify the style of faulting. The precision also allows us to 




2.2. Bayesian location (Bayesloc) 
We locate multiple microseismic events simultaneously following the Bayesian methodology originally 
implemented in the global-scale Bayesian multiple event seismic locator [8]. Bayesloc allows for probabilistic 
constraints on any combination of the arrival-time data, the travel time model, and the location parameters. 
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Fig. 1. Record of the 12/01/2012 microquake recorded by Newberry network station NB19 (black), compared with 
synthetic seismograms from the reference 1D (green) and 3D (red) models. 
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BayesLoc also provides an estimate of location uncertainty, an essential feature to help distinguish real from 
phantom faults. 
At the core of the Bayesian locator is a statistical model that links observed data to unobserved parameters 
through the earth model. The statistical model consists of three main components: (1) a prior probability model for 
the source parameters in 3D location and time, (2) a statistical model for the correction to the assumed earth model 
(i.e., the travel-time corrections), and (3) a statistical model for the error in the observed data (e.g., the spread of the 
arrival-time residuals).  
For the Newberry EGS data set, we chose a subset of 199 events with 1441 P picks and 1267 S wave picks. The 
pick catalog was obtained from AltaRock Energy Inc. Fig. 2 shows the 3D locations of the 199 events along with 
their estimated accuracy. Note that the uncertainties in the microseismic locations are very large. Vertical errors are 
significantly larger than the horizontal errors, primarily due to the recording station geometry. 
Investigation as to the cause of the relatively large uncertainty of the deeper events showed that relatively small 
errors in the S-wave picks were the influencing the size of the 95% ellipsoid volume. A test using a small subset of 
events in which the P- and S-wave energy was rotated to better isolate the S-wave particle motion for improved 
picking accuracy showed a significant decrease in the size of the ellipsoids. Together with the improved earth model 





2.3. Matched field processing (MFP) 
Microseismic events often have a low signal-to-noise ratio, the range of magnitudes that can be observed is 
limited. MFP [9] can be used to increase the number of detected events and the sensitivity of the array. This 
Fig. 2. (left) Locations of the microseismicity recorded by the Newberry array (network stations in blue). Darker colors are indicate events that 
are more precisely located. (right)  The uncertainty in seismic locations represented as plots of the 95% confidence ellipsoids. Note that the 
vertical errors are significantly larger than the horizontal ones, due to station geometry. 
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typically means extending resolution to the lower magnitudes, and gives us a more complete picture of the 
microseismic cloud. 
Our MFP technique is an adaptation of a signal processing technique originally developed to locate continuous 
underwater acoustic sources [10,11]. We calculate the wavefield structure across an array by estimating it directly 
from previously observed seismic events. Then we steer the array explicitly in the frequency domain using the 
complex phase and amplitude factors obtained from the field data. We refer to this strategy as empirical MFP, in 
which the master templates created from the seismograms of previously detected microquakes contain contributions 
from direct and scattered seismic energy. 
By processing the observed data stream in a large number of narrow frequency bands, empirical MFP largely 
eliminates the sensitivity of matching operations to source time history variations. This makes MFP sensitive to the 
spatial structure of the signal at the observing aperture (controlled by mechanism and propagation), but not the 
temporal structure (controlled, in part, by source time history). In this way MFP can identify previously 
undiscovered events even if they bear little resemblance to the master event in the time domain. 
Using the empirical MFP method, we were able to identify 164 additional events occurring between September 
2012 and September 2013 at the Newberry EGS site. There were 235 events in the original merged earthquake 
catalog during this same time period. These new events were identified using 76 events from the original earthquake 
catalog as master events in the empirical MFP earthquake detection methodology. We applied the empirical MFP 
technique to high quality continuous data from 8 borehole sensors in the Newberry microseismic array. 
2.4. Virtual seismometers 
The Virtual Seismometer Method (VSM) is a new technique of seismic interferometry that provides precise 
estimates of the GF between earthquakes [12,13]. It is very sensitive to the source parameters (location, mechanism 
and magnitude) and to the Earth structure in the source region. Using VSM, we are able to focus sharply on the 
cloud of microseismicity, itself. We can monitor the evolution of seismicity over time, measure changes in the style 
of faulting and sort microseisms by location and magnitude. The technique is fairly new and our research in it's early 
stages, but has already demonstrated powerful capabilities. Our ultimate intent is to use it to image structures within 
the microseismic cloud in an attempt to identify previously un-observed fault zones.  
In simple terms VSM involves correlating the record of a pair of events recorded at an individual station and then 
stacking the results over all stations to obtain the final correlation waveform. In the far-field, when most of the 
stations in a network fall along a line between the two events, the result is an estimate of the GF between the two, 
modified by the source terms. In this geometry each earthquake is effectively a "virtual seismometer" recording all 
the others. When applied to microquakes, this alignment is often not met, and we need to address the effects of the 
geometry between the two microquakes relative to each seismometer. Nonetheless, the technique is quite robust, and 
highly sensitive to the microseismic cloud, especially in areas where hundreds to thousands of microquakes may 
occur. Fig. 3 illustrates the type of information we can obtain by even simple measurements on the correlations. 
These are synthetic test cases for microquake sources within the Newberry 3D model. One thousand randomly 
scattered instruments were placed at the surface of the model and the VSM technique was applied to the synthetic 
records. Note that even simple measurements on the raw correlations provide information. We can detect small 
differences in location between the sources by measuring differences in phase arrival times. The moment tensor of 
the source is also dramatically illuminated by measuring sign and the amplitude of the VSM waveforms.   
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2.5. Flow network analysis 
The appearance of microseismic events in an otherwise quiescent region of the storage system can indicate that a 
pressure or stress perturbation has reached the given point.  In principle, the timing and location of these events 
provides information about the growth of the pressure front as injection proceeds, and can be used to understand 
fluid flow behavior in the storage system.  This is analysis is not straightforward, however, and is complicated by a 
number of factors. 
A number of interesting methods for using microseismic data to infer reservoir properties have been proposed by 
Shapiro and co-workers [14-17].  These methods proceed by assuming a simple model for fluid flow—say radial 
flow from a point source [15,16], or one-dimensional leakoff from a hydraulic fracture [14,17].  An inverse method 
is then used to estimate the parameters of the flow model that best match the observed seismicity, assuming that the 
arrival times of a pressure front and seismicity at a point may be closely correlated. The key shortcoming of these 
approaches is that the underlying assumptions embedded in the chosen model will limit the applicability of the 
inversion [18,19].  Fluid flow in a Darcy-flow dominated reservoir will differ from fluid behavior in a narrow fault 
zone, a fracture network, or a propagating hydraulic fracture.  In a complex storage reservoir, one or more of these 
situations may be encountered simultaneously.  Also, hydromechanical and multiphase effects may be important, 
but are challenging to model.  Finally, the direct link between a pressure perturbation and seismicity is often 
tenuous.  Seismicity may be triggered by far-field stress perturbation, and some reactivated faults may slip 
aseismically and never be observed at all.  
In light of these challenges, it is tempting to discard this line of analysis as poorly constrained.  We recall, 
however, that the motivating objective of our work is somewhat less ambitious: use microseismic data to identify 
coherent, hazardous features in the subsurface.  Our goal here is to use event location and timing information to 
search for seismicity patterns indicative of fluid flow along high-permeability corridors, and flag them as a possible 
cause for concern.  This is a more straightforward task than attempting to directly estimate reservoir properties, like 
permeability, because the growth rate of the microseismic cloud is controlled by many competing factors. 
Rather than pose a physically-based model for pressure behavior, we adopt a more abstract approach.  Individual 
microseismic events are viewed as nodes of a network with links between any two events indicating that fluid likely 
flows from position A to position B.  The precise nature of the pathway (Darcy-flow, fracture flow, fault zone flow, 
etc.) is irrelevant, as long as the microseismic data suggest a flow path connects the two locations.  The task is then 
to identify the “flow network” that best explains the observed seismicity cloud.  Unexpected flow corridors and 
Fig. 3. Synthetic test cases for sources at roughly 2 km depth in the Newberry 3D model. (left) Two sources offset vertically by 50 m create a 
distinctive bullseye pattern in the VSM arrival time measurement. (center) Two sources offset laterally create a simple linear pattern in the arrival 
time measurement. These represent the projection of a travel-time ellipse onto the surface and indicate relative location of the two events. (right) 
Measurement of the amplitudes of the VSM records from the experiment shown at center. Note that the sign of the amplitude measurement 
illuminates the focal mechanism. 
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coherent flow structures may then be highlighted and scrutinized further.  This approach is better described as an 
abstract pattern-recognition procedure rather than a physics-based inversion, though our physical understanding of 
the system informs the analysis. 
In our initial implementation of this approach, we use an efficient graph optimization algorithm to search for the 
flow network that satisfies three criteria: (1) the network connects all microseismic events to the injector along some 
path; (2) the timing of all events along a particular flow path is consistent with a triggering front propagating at 
finite speed along that path; and (3) the overall length of the connected graph is minimized.  The second criterion 
allows events closer to the injector to occur at later times than those further away, but creates a causal relationship 
between an outward growing triggering front and observed seismicity.  In subsequent iterations of this approach we 
are planning to improve the criteria used to connect any two events to include additional information. For example, 
events with similar moment tensors may be more likely to be connected. 
3. Conclusions 
Geologic carbon sequestration, enhanced geothermal systems, and disposal of waste hydraulic fracturing fluid 
from shale gas development all involve injecting large volumes of fluid into the subsurface. If these fluids are 
injected in proximity to a pre-existing fault or fracture system, they could potentially trigger earthquakes of 
magnitudes that are sufficiently large to cause serious public concern. We are investigating several geophysical 
techniques to allow monitoring of the injection site, with the hope of developing methods that can give sufficient 
warning to avoid induced events.  
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